We report strong visible photoluminescence (PL) from thermally treated tetra-ethyl-ortho-silicate (TEOS) thin films at room temperature. High-resolution transmission electron microscope (HRTEM) studies showed that the PL originated from nanocrystalline-Si (nc-Si). HRTEM images showed that as-grown TEOS thin films had quasi-static amorphous (QSA) SiO 2 phases instead of the typical amorphous (TA) SiO 2 phases, and that they divided into small pieces of nc-Si after thermal treatment. In addition, Fourier transform infrared (FTIR) investigations showed that the QSA-SiO 2 phases were composed of three types of bonding modes (i.e., Si-O-Si bending, Si-O bending, and Si-O-Si stretching), which play important roles in the formation of the nc-Si at relatively lower annealing temperatures.
One of the popular methods of forming nanocrystalline silicon (nc-Si) is thermal agitation of substoichiometric silicon oxide films grown by various methods [1] [2] [3] [4] [5] [6] . During the annealing process of the silicon oxide films, unstable atomic phases in the substoichiometric silicon oxide films can be transformed to the stable phases such as Si and SiO 2 by phase separation and precipitation processes. Photoluminescence (PL) and high resolution transmission electron microscope (HRTEM) measurements have been used as effective tools for confirming the formation of nc-Si. However, with these measurement techniques only, it is difficult to observe the changes in the chemical states of thin film constituents and to monitor the film stability due to crystallization and film decomposition.
Fourier transform infrared (FTIR) absorption spectroscopy has been widely used to characterize amorphous SiO 2 (a-SiO 2 ) films [7] . By observing the variation in the frequency of the vibrational mode (transverse optic, TO), associated with the asymmetric stretch motion of the bridged oxygen atoms moving in the plane of their adjacent Si atoms, we can easily identify the densification of the nc-Si network as well as the difference in bonding configuration between the oxides obtained by thermal oxidation of Si and by deposition. In a bulk 3 Author to whom any correspondence should be addressed. a-SiO 2 , the vibrational frequency of the main TO mode is observed at 1090 cm −1 , whereas that of a thin oxide film of less than 120 nm is typically observed at 1076 cm −1 . In addition, a shoulder that appears at 1200 cm −1 on the main TO peak, due to the line shape effects, is attributed to the antiphase vibrational mode associated with the TO asymmetric stretch [8] .
Recently, we observed two PL signals at 2.208 eV and 3.058 eV with multiple peaks from the thermally treated tetra-ethyl-ortho-silicate (TEOS) films deposited by plasma enhanced chemical vapour deposition (PECVD) at room temperature (RT). Regarding the mechanism of the luminescence from these materials, Kovalev et al [9, 10] reported that light emission from Si nanocrystals might be associated with a system of indirect band-gap Si quantum dots. In other words, multiple PL spectra excited at the edge of the luminescence band show distinctive emission peaks from quantum confined exciton states recombining via no-phonon (NP), transverse acoustic (TA), and TO phonon-assisted processes. In addition, Wu et al [11] reported the experimental observation of the discrete levels of Si quantum dots (QDs), and theoretically explained that the band mixing of direct and indirect gaps in a nanometer environment could result in an efficient light emission from discrete levels of Si QDs. Figure 1 . PL spectra of the TEOS films annealed at 800
• C with different thicknesses of (a) 100 nm, (b) 400 nm and (c) 1000 nm.
In this paper, PL, HRTEM, and FTIR measurements were carried out to identify the origin of the luminescence from the TEOS thin films grown with different thicknesses at different annealing temperatures. By comparing the FTIR signals to the PL spectra, we confirmed that luminescence from the thermally treated TEOS thin films was associated with the Si-O-Si bending mode, the Si-O bending mode, and the longitudinal optic (LO) mode.
TEOS films were deposited on silicon (100) at 350-400
• C from TEOS vapour and O 2 by using the standard PECVD method. The working gas pressure for all deposition processes was kept at 2.5 Torr. The thicknesses of the TEOS thin films used in this experiment were 100, 400 and 1000 nm. Some of TEOS film samples were annealed in the temperature range of 400-1000
• C in a nitrogen ambient for 5-10 min by using rapid halogen lamp heating (RLH). The pre-and post-annealed TEOS films were characterized by HRTEM to monitor the change in the phase of the film, and by PL and FTIR measurements to investigate the optical properties of the film. All measurements were carried out at RT. Figure 1 shows the PL spectra of the TEOS films annealed at 800
• C with thicknesses of (a) 100 nm, (b) 400 nm and (c) 1000 nm. PL spectra were measured at RT by using a He-Cd laser (λ = 325 nm) as an excitation source. No luminescence was observed from the 100 nm thick TEOS film with or without thermal annealing, whereas multiple PL peaks in the range of 1.5-3.5 eV were observed from the 400 and 1000 nm thick TEOS films after annealing at temperatures above 600
• C. The PL intensity increased with the increase in the thickness of the TEOS film, but the peak position of the PL signals never changed for the TEOS films of 400 and 1000 nm thicknesses. This implies that the origin of the multiple PL signals obtained from the 400 nm thick TEOS film is identical to that obtained from the 1000 nm thick TEOS film. On the other hand, a new emission centre was created at about 2.830 eV for the 400 nm thick TEOS film. The reasons for the different emission phenomena with different film thicknesses are not clear and further studies are required to clarify them. Figure 2 shows the PL spectra versus annealing temperature for each of the TEOS film with thicknesses of (a) 400 nm and (b) 1000 nm. We observed the luminescence from both 400 and 1000 nm thick TEOS films at an annealing temperature as low as 600
• C. For the 400 nm thick TEOS films, PL peaks below 2.4 eV remained unchanged whereas the two peaks in the range 2.4-3.5 eV shifted to the lower energy side with increasing annealing temperature, as shown in figure 2(a) . On the other hand, little changes were observed in the peak positions of the 1000 nm thick TEOS film with annealing temperatures, while the relative intensities of the PL peaks varied largely with annealing temperature. The maximum intensity of the PL spectra was observed from the 1000 nm TEOS films annealed at 800
• C, as shown in figure 2(b) . We believe that the discrepancy in PL spectra might be due to some transformations such as the formation of the nc-Si and/or the deformation of the chemical bond, etc that occurred in the TEOS films during the annealing process.
To confirm such transformations in the TEOS thin films during the annealing process, HRTEM analysis was carried out. Figure 3 shows the HRTEM images of the 1000 nm thick TEOS films: (a) as-grown and (b) after annealing at 800
• C. The large and dark spots observed over broad areas in figure 3 (a) imply that as-grown TEOS films had two phases of different compositions. In general, silicon oxide thin films have one amorphous phase in an HRTEM image. However, once the atomic arrangements or chemical compositions of these films transform partially, the difference in the distribution of the charge density induces two dark and bright phases, as shown in the TEM images of figure 3 . In contrast, both 400 and 1000 nm thick TEOS films showed the dark contrast phase over large areas, while no phase difference was observed for the 100 nm thick TEOS film. The large dark spots shown in figure 3(a) were broken into small pieces, as shown in figure 3(b) , at a relatively lower annealing temperature of 800 • C and therefore, the increasing number of nc-Si gave rise to strong PL for the 1000 nm thick TEOS film. However, there were no signs of nc-Si formation and the corresponding PL from the 100 nm thick TEOS films after thermal annealing. It can be stated that the dark contrast areas consist of the quasi-static amorphous (QSA) SiO 2 phase having stoichiometry different from that of the typical amorphous (TA) SiO 2 phase with bright contrast images. Therefore, we believe that observation of the QSASiO 2 phase from the as-grown TEOS film is a very important indicator of nc-Si formation as well as luminescence.
From the HRTEM studies and our previous work [12] , we assigned the two main PL peaks at 2.208 and 3.058 eV to the interfacial regions between the nc-Si/SiO 2 matrix and the ncSi, respectively. In general, the variation in the size of nc-Si can be estimated from the frequency shift of PL emission. In this experiment, the size of nc-Si determined by HRTEM is ∼2 nm (see figure 3 ) and the corresponding PL peak energy is 3.058 eV (see figure 2) . However, the variation of the nc-Si size which corresponds to the shift of the PL signal at 3.058 eV is very small (<1 nm), and therefore, it is difficult to distinguish the size difference by HRTEM when considering average size distributions among nc-Si formations. On the other hand, the origin of the different trends in FTIR and PL results observed from the 100 nm thick TEOS film, as compared with those of the 400 and 1000 nm thick TEOS films, is not clear at this moment and further studies are needed to clarify it. Figure 4 shows the FTIR signals measured from the TEOS films with different thicknesses of (a) 100 nm, (b) 400 nm, and (c) 1000 nm. The principal absorption feature in the spectra and 1257 cm −1 (LO mode), respectively. By comparison, for the 100 nm thick TEOS film, no luminescence was observed regardless of thermal annealing, and the three FTIR signals mentioned above were not observed. However, in the samples with 400 and 1000 nm thicknesses, we observed multiple PL signals as well as three signals at around 460 cm −1 , 800-820 cm −1 and 1257 cm −1 in the FTIR measurements. Figure 5 shows the FTIR signals as a function of annealing temperatures for each TEOS film with thicknesses of (a) 100 nm, (b) 400 nm, and (c) 1000 nm. Little change was observed in the intensity of the FTIR signals at around 460 and 1100 cm −1 in figure 5 (a), and there was no evidence of position change. No new signals were generated at around 800-820 cm −1 and 1257 cm −1 . On the other hand, the change of the Si-O-Si bending mode at ∼460 cm −1 of the FTIR spectra shown in figures 5(b) and (c) was similar to the change of that of the FTIR spectra for the 100 nm thick TEOS film. And, the Si-O bending mode at the frequency of about 800-820 cm −1 was maintained with respect to the intensity and the position. However, the Si-O-Si stretching mode near 1100 cm −1 shifted from 1070 to 1090 cm −1 with annealing temperature. According to the report on suboxide IR properties [13] , these phenomena are due to the fact that silicon atoms have a large probability of getting one or more silicon neighbouring atoms and this shifts the Si-O-Si stretching frequency as the oxide moves off stoichiometric SiO x (x < 2). Hayashi et al [14] reported that the frequency of the Si-OSi stretching vibration in the suboxide SiO x films depends strongly on the composition x. As the composition increases from 1 to 2, the frequency shifts from ∼1000 to ∼1080 cm −1 . Based on the previous reports [13, 14] , as well as the analysis of the FTIR spectra in figure 5 , we make the following arguments: (1) Whether or not the samples are annealed, Wavenumber (cm -1 ) Figure 5 . FTIR signals versus annealing temperatures for each TEOS film with thicknesses of (a) 100 nm, (b) 400 nm, and (c) 1000 nm.
100 nm thick TEOS films showed no changes in the position of the two FTIR signals at 460 and 1100 cm −1 . This indicates that the composition of the 100 nm thick TEOS film is entirely SiO 2 , which is thermally stable. (2) On the other hand, 400 and 1000 nm thick TEOS films showed an increase in intensity in the two FTIR signals at ∼460 and 1100 cm −1 , respectively, with annealing temperature. The position of the FTIR signal at ∼1100 cm −1 shifted to a higher frequency side by about 20 cm −1 after thermal annealing. This indicates that the SiO x (x < 2) phase was transformed to the nearly perfect SiO 2 phase by thermal annealing, forming the nc-Si embedded SiO 2 matrix. Comparison of the FTIR spectra and the HRTEM images from the samples before and after thermal treatments suggests that the QSA-SiO 2 phases are characterized by the Si-O-Si bonding modes, which differ from those of the TA-SiO 2 phase. After thermal annealing, this QSA-SiO 2 phase turned into nc-Si and TA-SiO 2 phases at relatively lower temperatures than our previous report [12] . This indicates that the critical vibrational modes formed at around 460 cm −1 , 800-820 cm −1 , and 1257 cm −1 (LO mode) during the deposition process, are more important than deformation of the silicon oxide film by increasing the post-annealing temperature. In other words, observation of the critical vibration mode from any silicon oxide film by FTIR can be a sign of the formation of nc-Si after thermal annealing, which is the origin of intense visible PL, as shown in figure 1 .
In summary, we carried out a detailed study of the PL and FTIR spectra of thermally treated TEOS thin films with thicknesses of 100, 400, and 1000 nm, at RT. PL, FTIR and HRTEM analyses showed that the QSA-SiO 2 phase formed during deposition played an important role in the luminescence from the TEOS films. FTIR measurements showed that this abnormal phase could be associated with the critical vibrational modes at around 460 cm −1 , 800-820 cm −1 and 1257 cm −1 . It is significant to note that the existence of the QSA-SiO 2 phase can be an important indicator for the formation of nc-Si at low annealing temperatures.
